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ABSTRACT 

We present a study of the iron abundance pattern in hot hydrogen-rich (DA) white dwarfs. The 
study is based on new and archival far ultraviolet spectroscopy of a sample of white dwarfs in the 
temperature range 30, OOOK < Toff < 64, OOOK. The spectra obtained with the Far Ultraviolet Spectro- 
scopic Explorer along with spectra obtained with the Hubble Space Telescope Imaging Spectrograph 
and the International Ultraviolet Explorer sample Fe III to Fe VI absorption lines enabling a detailed 
iron abundance analysis over a wider range of effective temperatures than previously afforded. The 
measurements reveal abundance variations in excess of two orders of magnitude between the highest 
and the lowest temperatures probed, but also show considerable variations (over one order of mag- 
nitude) between objects with similar temperatures and surface gravities. Such variations in cooler 
objects may be imputed to accretion from unseen companions or so-called circumstellar debris al- 
though the effect of residual mass-loss and selective radiation pressure in the hottest objects in the 
sample remain dominant. 

Subject headings: stars: abundances — stars: atmospheres- white dwarfs 
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1. INTRODUCTION 

The cooling history of white dwarfs involves phases of 
chemical transformation of their atmospheres. One such 
transformation occurs early on the hydrogen-rich (DA) 
cooling sequence. Far ultraviolet (FUV) spectroscopy 
of hot, hence young DA white dwarfs sho w that iron is 
a dominant source of atm ospheric opacity ijVennes et al.l 
ITOflllHolberg et al.ll993D . The effect of iron-group opac- 
ities has also been observed in extreme ultraviolet (EUV) 
spectra of the same sta rs as well as in o t her objects 
with similar parameters (D upuis et aLllToOSt I Wolff et al.l 
IT998: .Schuh et al, .200 2). Before reaching a cooling age 
of a few million years {tcooi < 2 — 3 x 10^ years) this 
source of opacity vanishes in most DA white dwarfs, 
and the metallicity (i.e., n (Fe)/n(H) by numbe r) drops 
from nearly solar values (!Vennes fc Lanz 2001*) to less 
than 10~^{Fe/H)Q, i.e., below the detection threshold of 
high-dispersion International Ultraviolet Explorer (lUE) 
or even Space Telescope Imagi ng Spec trograph (STIS) 
high-resolution spectra (Barsto w et al.ll20 031. However, 
the absence of an effective iron abundance diagnostics 
in cooler white dwarfs (20, OOOK < T^s < 40, OOOK, or 
tcooi = 80 — 4 X 10^ years), reserved detailed iron abun- 
dance analyses to a few young objects {tcooi < 2 — 3 x 10^ 
years). A spectral window limited to A > 1150A re- 
stricts the iron abundance analysis to Fe IV, Fe V, and 
Fe VI species which are dominant in white dwarfs with 
Teff > 40, OOOK, and to Fe II represented by a strong 
doublet at AA 1260. 533/1267.422A and dominant in cool 
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white dwarfs {Teff < 20, OOOK). However, in the tem- 
perature range 20, 000 — 40, 000 K the ionization balance 
shifts toward Fe III. Spectral lines of Fe III are prominent 
near A « 1125 A in a spectral window made accessible 
by the Far Ultraviolet Spectroscopic Explorer (FUSE). 

The new possibilities offered by FUSE were demon- 
strated in a study of the DA white dwarf GD 394 
{Teff « 37, 000 K). The presence of trace elements in the 
otherwise hydrogen-dominated atmosp here of GD 394 
had b een established, among others, bv lPaerels fc Heis^ 
l)1989() in their analysis of EUV photometry of several 
hot white dwarfs observed with EX OSAT. The source 
of opacity remained un certain (see 'Wolff et al. 199^ 
iDuDuis etal. 2000*) until iChaver et al. ( 2000 ) measured 
a surprisingly high abundance of iron in their analysis 
of new FUSE spectra. They used several lines of Fe III 
to determine an iron abundance almost solar {Fe/H ^ 
5 X 10~^). Such a high abundance goes against the trend 
inferred in the study of hotter white dwarfs and indi- 
cate a resurgence of heavy elemen ts in the atmosphere 
of aging DA white dwarfs. Since IChaver et all lll99l 
demonstrated that the abundance of iron supported by 
selective radiation pressure decreases well under a so- 
lar abundance at Te// ^ 50,000 K, external causes are 
suspected, in particular accretion from the ISM, a close 
companion, or from a circumstellar shell. 

To investigate the question further, we initiated a 
study of FUV spectra of a sample of twelve DA white 
dwarfs observed with FUSE, lUE, and STIS. The sample 
covers a range of effective temperatures from < 64, OOOK 
down to > 30, OOOK. We describe the sample selection 
process in §2, with relevant EUV/soft X-ray data listed 
in Appendix A, and we present the FUV observations in 
§3. The model atmospheres and spectral synthesis used 
in this investigation are presented in §4, and our analysis 
is presented in §5. Finally, we summarize and discuss our 
results in §6. 
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2. SAMPLE SELECTION: SERENDIPITOUS AND 
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We searched for high- met allicity white dwarfs in the 
sample co llected as part of the FUSE 2903 and P204 
programs l|Dupuis et al.ll200a l\^nes et alJl2005j) . The 
programs assembled over 40 DA white dwarfs selected 
for observations on the basis of their predicted UV 
luminosity and high equatorial latitude. The sample 
presents opportunities for the serendipitous identifica- 
tion of high metallicity DA white dwarfs. Next, we in- 
cluded thr ee stars with large ir on abundances initially 
studied bv iHolberg et al.l l)1993D and more recently by 
iBarstow et all l|2003j) . 

In a systematic effort to identify high-nietallicity white 
dwarfs, we have also examined the EUV/soft X-ray prop- 
erties of a large sample of 178 DA white dwarfs with 
effective temperatures ranging from 84,000 K down to 
24,000 K, i.e., with corresponding ages ranging from 
0.5 to 30 milli on years. The samp le com prises is olated 
white dwarfs llVennes et all 119961 Il997t IVennesI 119991: 
IVennes et aLll20 06) and in binaries with luminous com- 
panions ijVennes et alJll998|) . Among these, some 104 
objects are joint detections from t he EUVE/IQQK sur- 
vey and the ROS AT PSPC survey powver et al.llT9M 
IVoees et al.llT999|) . 
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Fig. 1.— Ratio of observed ROSAT/PSPC to EUVE/IOOA 
count rates as a function of effective temperatures for a sample 
of 104 objects. The data are compared to pure-H model predic- 
tions with varying ISM column densities {full lines) at logn^f = 
18,18.5,19,19.5,20,20.5. Note the spectroscopically confirmed 
pure-H (blue triangles) and high-metallicity stars {red circles). 

Figure HI shows the ROSAT/PSPC to EUVE/IOOA 
count rate ratio as a function of effective temperatures 
for spectroscopically-confirmed pure-H white dwarfs 
{blue triangles), and spectroscopically-confirmed high- 
metallicity DA/DAO white dwarfs {red circles). The re- 
maining stars are shown with open black squares. The 
PSPC soft X-ray measurements probe the high-energy 
tail of a hot white dwarf soft X-ray emission (A < 
lOOA), and the EUVE/IOOA measurements probe some- 
what longer wavelength emission. The data, available 
in Appendix A are compared to predictions from pure- 
hydrogen models at logg = 8 and varying interven- 
ing ISM column density expressed in number of neu- 
tral hydrogen atoms per cm^ {full lines at lognn = 



18, 19, 19.5, 20, 20.5). The minimum flux ratio expected 
from a pure-H atmosphere quickly converges to values 
independent of the ISM column density as it approaches 
log riH ~ 18. Values observed below the curve labelled 
log uh — 18 are incompatible with pure hydrogen atmo- 
spheres and correspond to stars contaminated with heavy 
elements, possibly iron. Note that the effect of increased 
metallicity opposes the effect of increased ISM column 
density, therefore the method will select in preference 
objects with high metallicity and low neutral hydrogen 
column density in the ISM. The behavior of the count 
rate ratio for the sub-sample of pure-H white dwarfs — 
among these are Sirius B, GD 71, and HZ 43 — and in 
particular near the temperature of 30,000K, guarantees 
that the procedure is well calibrated. Note that surface 
gravity variations are imperceptible. 

The red-hatched area encloses a particularly interest- 
ing sample of objects, and, immediately to the right of 
this area, the red circle represents the high-metallicity 
DA GD 394. The grouping of stars found within the red- 
hatched area close to the high-metallicity white dwarf 
GD 394 suggests possible spectroscopic similarities be- 
tween these objects. 

Therefore, to demonstrate that iron opacities are re- 
sponsible, at least in part, for the anomalous flux ratios, 
we searched bright candidates with count rate ratios sig- 
nificantly below the minimum threshold. The DA white 
dwarfs GD 683 and LB 1663 ijVennes et alJlT99^ stood 
out with PSPC to EUVE lOOA flux ratios of ~ 0.98 and 
~ 0.93, respectively. These ratios are inferior to the ra- 
tio measured in GD 394 1.20) and indicate the likely 
presence of heavy elements. These two objects have been 
observed as part of the FUSE D023 observing program. 

3. FUV SPECTROSCOPY 

Tableniists the sample of white dwarfs observed spec- 
troscopically with FUSE. The observations were made 
using the 30 x 30" low-resolution slit (LWRS) resulting 
in 100% throughput and insuring complete spectral cov- 
erage (900 < A < 11 80 A) with a spectroscopic resolving 
power R = A/AA = 20000 ± 2000. The stars 0549-1-158 
(GD 71), 1819-f 580 (EUVE J1820-H58.0, RE J1820-H580) 
and 2000-561 (EUVE J2004-56.0, RE J2004-560) were 
selected from the Z903 and P204 programs, and the stars 
GD 683 and LB 1663 were observed as part of the D023 
program. We also re-anal yzed the FUSE spe ctra of the 
DA white dwarf GD 394 Ichaver et alJl2000|) . All data 
were processed with the FUSE data reduction pipeline 
CALFUSE version 3.0. Figure H shows Fe III fine identi- 
fications in FUSE spectra along with P V and Si IV line 
identifications. 

3.1. STIS and lUE Observations 

We obtained a series of STIS spectra of the 
hot white dwarf WD0556-375 (EUVE J0558-37.5, 
RE J0558-376) from the Muhi-Mission Archive at 
the Space Telescope (MAST, Table EJ. The spec- 
tra were obtained in the 0.2 x 0.2" aperture and us- 
ing the E140M grating resulting in a resolving power 
of i? 40000. We also obtained a series of lUE 
high-dispersion spectra of the hot DA white dwarfs 
WD0621-376 (EUVE J0623-37.6, RE J0623-374) and 
WD2211-495 (EUVE J2214-49.3, RE J2214-492) from 
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TABLE 1 
FUSE Observations 



WD name other name IRXS J ^e// (K) log g V (mag)'' Data ID texp (s) Aperture 



0106-358 


GD 683, EUVE, RE 


010821.4- 


-353433 


29000 ± 600^= 


7.99 ±0.25'^ 


14.70 


D0230101 


30835 


LWRS 


0320-539 


LB 1663, EUVE, RE 


032215.5- 


-534515 


32880 ± 1070'' 


7.98 + 0.16'' 


14.90 


D0230201 


9062 


LWRS 


0549+158 


GD 71, EUVE, RE 


055228.14 


-155313 


33000 ± 300^= 


7.87 + 0.15'^ 


13.03 


P2041701 


13929 


LWRS 


1819+580 


EUVE, RE 


182030.04 


-580437 


44200 ± 700=^ 


8.61 + 0.21'^ 


13.95 


Z9032801 


4698 


LWRS 


2000-561 


EUVE, RE 


200425.2- 


-560301 


42200 ± 200=^ 


7.84 + 0.18'^ 


14.97 


Z9033301 


11596 


LWRS 


2111+498 


GD 394, EUVE, RE 


211244.14 


-500616 


36700 ± 400^^ 


8.27 + 0.12'^ 


13.08 


P1043601 


28635 


LWRS 



IMcCook fc Sioiil 1199911 and refer ciices therein. 

''This work^ 

'^From iVennes et alj I2005D . 
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Fig. 2. — FUSE spectra showing iron hne identifications 
in, from top to bottom, GD 394, WD 1819+580, GD 683, and 
WD 2000—561 (offset by — O.Sdex). The iron line identifications in 
WD J2000— 561 are uncertain. The spectra also show silicon and 
phosphorus lines. 



TABLE 2 
STIS AND lUE Observations 



WD name 


Data ID 




0556-375 


O59P03010 


2494 




O59P03020 


2977 




O59P03030 


2977 


0621-376 


SWP45951HL'' 


14400 




SWP49037HL 


13800 




SWP49038HL 


12600 




SWP49039HL 


12600 


2211-495 


SWP44766HL 


7200 




SWP44767HL 


7200 




SWP47954HL 


7200 




SWP47955HL 


7200 




SWP47956HL 


7200 




SWP47996HL 


7200 



^SWP— short wavelength primary; HL — high dispersion large aper- 
ture. 



MAST (TableEl). The spectra were obtained in the high- 



dispersion mode and the large aperture resulting in a re- 
solving power R ~ 10000 and a wavelength coverage of 
1150 < A < 1950A. We co-added the spectra for each 
star. 

4. MODEL ATMOSPHERES AND SPECTRA 

The model atmospheres and synthetic spectra were cal- 
culated assuming non-local thermodynamic (non-LTE) 
equilibrium using the fortran cod es TLUSTY ver sion 200 
and SYNSP EC version 4 8 (Hube nv fc Lanzll995j) . Using 
these codes. fV^nnes et al.» (,2005^) computed a grid of pure 
hydrogen model atmospheres covering the range of effec- 
tive temperatures from Toff = 20,000K to 80,000 K and 
surface gravities from logg = 6.8 to 9.6. By comparing 
a grid computed assuming local the rmodynamic equilib- 
rium (LTE) to the non-LTE grid, iVennes et ail l|2005fl 
demonstrated that non-LTE effects in the Lyman line 
spectra of DA white dwarfs arc for the most part negligi- 
ble. On the other hand, Vennes et al. (2005) also studied 
the effect of heavy element opacities on the Lyman and 
Balmer line spectra of high-metallicity white dwarfs such 
as G191-B2B and 0621-376. They demonstrated that 
the observed abundance of heavy elements in the pho- 
tospheres of these stars accounts for discrepancies noted 
in effective temperatures and surface gravities measured 
with Balmer line spectra versus the same parameters 
measured with Lyman line spectra. The models assume 
homogeneous distribution of heavy elements over the sur- 
face, and_as_afunction of depth in the atmosphere. Note 
that iSchuh et al.! (|2002) explicitly considered a vertical 
distribution of heavy elements in diffusive equilibrium. A 
basic feature of their ab initio calculations is that stars 
with similar effective temperatures and surface gravities 
ought to display similar abundance patterns. This is not 
always the case as we shall demonstrate in §5, and equi- 
librium scenarios may easily be disrupted by accretion 
from a companion or even a weak wind. 

Based on these considerations, we created three sets 
of models for the purpose of (1) analyzing the Ly- 
man line spectra of cooler objects (GD 71, GD 683, 
LB 1663, 1819-^580, 2000-561, and GD 394), (2) mea- 
suring the trace element abundances in the same objects, 
and, finally, (3) measuring the abundance of trace ele- 
ments in the high-metallicity DA white dwarfs 0621—376, 
2211-495, and 0556-375. 

To analyze the Lyman line spectra obtained with 
FUSE (Table [J) we adopted the LTE model grid of 
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iVennes et al.l l)2005j) . The Lyman line p rofiles are com- 
puted using the tables of iLemk j l)1997D . Next, having 
obtained the temperature and surface gravity of each 
star, we computed sets of three non-LTE models for 
each star with mo del atoms from the OSTAR2002 se- 
ries ()Lanz fc Hubenv 2003}. The stellar temperatures 
within this particular group range from « 30,000 to 
« 45,000K, therefore we include the ions H I (9 levels), 
H II, C II (22 levels), C III (23 levels), C IV (25 levels), 
C V (1 level). Si III (30 levels). Si IV (23 levels). Si V (1 
level), P IV (14 levels), P V (17 levels), P VI (1 level), 
Fe II (36 super-levels), Fe III (50 super-levels), Fe IV (43 
super-levels), Fe V (42 super-levels), and Fe VI (1 level). 
Super-levels group together levels with the same basic 
configuration. Figure |31 shows the equivalent widths of 
selected iron lines as a function of effective temperatures 
for abundances of logFe/H = —5.3, —6.0, and —6.7. The 
resonance lines of Fe III are dominant at effective tem- 
peratures Teff < 40, OOOK. 
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abundance of iron in their photospheres. Two stars were 
observed with lUE (0621-376 and 2211-495) while an- 
other was observed with STIS, and six stars were ob- 
served with FUSE (Table Pi . To this sample we added 
published iron abundance analyses of the hot DA white 
dwarfs Feige 24, G191-B2B, and GD 246. Incidentally, 
we also measured abundances of carbon, silicon and 
phosphorous in the sample of stars observed with FUSE; 
these specific results will be discussed at a later time. 

5.1. Feige 24, G191-B2B, and GD 246 

In the cases of Feige 24 and G191-B2B we a dopted 
the abundance analysis of IVennes & Lan3 l|2001f) . Their 
analysis is based on the same generation of iron-rich mod- 
els used in the present study. The iron equivalent widths 
in Feige 24 and G191-B2B are very similar and the iron 
abundances in these two stars are very close. For ex- 
ample, the Fe IVA1542.698 equivalent width is 11 mA in 
both objects, and the Fe VA1370.337 equivalent width 
in Feige 24 and G191-B2B is 26 and 22 mA, respec- 
tively. We adopted temperatures of T^s = 57, OOOK and 
55,000K for Feige 24 and G 1 91-B2 B, respectively, as es- 
timated bv IVennes fc Lan3 1)200 Ij) . The corresponding 
iron abundances are logFe/H = —5.5 and —5.6 for Feige 
24 and G191-B2B, respectively. In the case of GD 246 we 
adopted the a nalysis of a Chandra Low Energy Transmis- 
sion Grating ( Vennes fc Dupui'^ 120021) . The abundance 
analysis of GD 246 was based on the detection of Fe V, 
Fe VI and Fe VII lines and resulted in an iron abundance 
estimate of logFe/H « -6.5 and Toff = 54, OOOK. 

5.2. Analysis of STIS and lUE Spectroscopy 

FigureElshows the iron abundance analysis of the FUV 
spectra of the hot DA white dwarfs 0556-375, 0621-376, 
and 2211—495. We applied a minimization technique 
to determine the abundances and la errors. The analy- 
sis is restricted to a few well defined spectral lines with 
accurate log 5/. 



Fig. 3.— Equivalent widths of Fe IIIA1124.881, Fe IVA1542.698, 
and Fe VA1376.337 as a function of effective temperatures. 
Fe IIIA1124.881 is an excellent iron abundance diagnostics for tem- 
peratures below 30, OOOK, and the line remains detectable up to a 
temperature of f»45,000K. 

Next, we extended the sequence of models presented 
by IVennes fc Land l)200H) in their study of Feige 24 
and G191-B2B to higher abundances and tempera- 
tures encompassing likely parameters for the hot, high- 
metallicity DA white dwarfs 0556—375, 0621—376, and 
2211-495. Three new models at Tcff = 57, 60, 64 x lO^K 
and logg — 7.5 share a high heavy-element concentration 
of logHe/H = -5.0, logC/H = -6.0, logN/H = -5.8, 
logO/H ^ -5.0, logSi/H = -5.4, logS/H = -5.0, 
logFe/H = -4.0, and logNi/H = -4.8, while three other 
models at Tes = 57, 60, 64 x lO'^K (log g = 7 5) sh are a 
lower concentration used bv IVennes fc Laii3 l)2001(l . To- 
gether, these six new models cover the range of abun- 
dances and effective temperatures appropriate for an 
abundance study of 0556-375, 0621-376 and 2211-495. 

5. ANALYSIS AND RESULTS 

We assembled twelve stars with temperatures ranging 
from w 30, 000 to w 64, OOOK and we determined the 
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Fig. 4.— lUE ultraviolet spectra of WD0621-376 and 
WD2211-495 (R ^ 10,000), and STIS spectrum {R « 40,000) 
of WD0556-375, and best Fe V and Fe VI line profile fits. 

We adopted effective temperatu res deduced from th e 
Balmer and Lyman line analysis of IVennes et alJ l)2005(l . 
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Fig. 5.— Ultraviolet spectrum of GD 683 and best C III, Si III, 
Si IV, P V, and Fe III line profile fits. 



iVennes et al.l l)2005j) measured the effect of metahicity 
using non-LTE model atmospheres and deduced effec- 
tive temperatures of T^g = 60,000K and 62,000K for 
0621-376 and 2211-495, re s pectiv ely. Adopting the 
model grid of IVennes et al.1 ll2005D. we repeated the 
Balmer line analysis of 0556—375 (jVennes et aLlUQQ^ 
and measured Tcff = 68800 ± lOOOK and log 5 = 7.56 ± 
0.05. The DA white dwarf 0556-375 is hotter than 
2211-495 by « 2800K and is hotter than 0621-376 
by « 4000K. Again, using n on-LT E metallicity vectors 
calculated bv IVennes et al.1 l|2005fl . we adopted a tem- 
perature of Teff = 64000K for 0556-375. Hence, the 
iron abundances based on FUV spectra are logFe/H = 
-4.44±0.10, -4.42±0.10, and -4.48±0.10 for 0621-376, 
2211—495, and 0556—375, respectively. The abundances 
based on Fe V lines are consistent with abundances based 
on Fe VI lines which implies that models calculated at the 
adopted stellar parameters predict the ionization balance 
correctly. 

5.3. Analysis of FUSE Spectroscopy 

Again, the analysis is restricted to a few well defined 
spectral lines with accurate log gf. The wavelength range 
covering the C III line profile fits is 1174 < A < II77 
with the continuum measured on each side. Similarly 
the wavelength ranges covering the Fe III, P V, Si III, 
and Si IV are 1124 < A < II27.5, 1117 < A < 1119, 
1108 < A < 1114, and 1122 < A < 1123A, respectively. 
We applied a minimization technique to determine 
the abundances and la errors, or, when appropriate, the 
abundance upper limits. Table 01 summarizes our FUSE 
abundance analysis. Figure |S1 shows the results of the 
analysis for the DA white dwarf GD 683. The intrinsic 
strengths of the Fe III lines are sufficient to allow abun- 
dance measurements Ril.5 dex lower than in the extreme 
case of GD 394. 

The ionization balance of silicon is problematic in all 
stars. The abundances based on Si III lines are between 
0.7 and 1.0 dex larger than abundances based on Si IV 
lines in the same stars. The causes of this ionization im- 



balance, already noted bv lDupuis et al.l l)2000() in the case 
of GD 394, remain unknown. The present abundance 
measurements of 1819-1-580 and 200 0—561 are somewhat 
at variance with those reported bv lDupuis et al. (200^ 
which is in part due to the more comprehensive atmo- 
spheric compositions used in the present study, and, in 
the the case of 1819-1-580 to the use of atmospheric pa- 
rameters determined using the Lyman line series rather 
than the Balmer line series. 

5.4. The Iron Abundance Pattern 
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Fig. 6. — Iron abundance in a sample of DA white dwarfs ob- 
served with HST {G191-B2B and Feige 24), FUSE (GD 71, GD 683, 
LB 1663, GD 394, 2000-561, and 1819-1-580), lUE (0621-376 and 
2211-495), Chandra (GD 246), and STIS (0556-375). The hori- 
zontal dashed line shows the solar abundance. 



Figure |^ shows the iron abundance measurements in 
our white dwarf selection as a function of effective tem- 
peratures. The white dwarfs GD 683 and LB 1663 are 
closely matched in effective temperatures, but a poorer 
signal-to-noise ratio in the latter only allowed to estab- 
lish an upper limit to the iron abundance. Although 
the abundances of carbon, silicon and phosphorous are 
markedly lower in LB 1663, the presence of iron at a 
comparable level than in GD 683 cannot be excluded 
and its presumed effect on the EUV/soft X-ray emission 
of LB 1663 remains a likely explanation for the anoma- 
lous FSPC/ EUVE lOOA flux ratio which prompted its 
selection. On the other hand, stringent abundance up- 
per limits were established in the case of bright DA white 
dwarf GD 71 showing that objects with similar effective 
temperatures and surface gravities, such as GD 71 and 
GD 683, may have dissimilar abundance patterns. The 
DA GD 71 is among those objects, depicted in Figure ^ 
that are characterized by a very low metallicity. 

The white dwarfs 1819-f580 and 2000-560 arc simi- 
larly paired and again a poorer signal-to-noise ratio in 
the latter does not permit to determine the iron abun- 
dance. However, the two stars show similar levels of car- 
bon, silicon, and phosphorous. Clearly, 2000—561 should 
be re-observed with FUSE for a longer exposure time in- 
creasing the prospect of detecting iron in its photosphere. 

Our non-LTE analysis of GD 394 confirms the results 
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TABLE 3 

Abundances Based on FUSE Spectroscopy 



WD na,iri6 


\^ / n 


Ol/ 11 

(III) 


(IV) 




re/ JTL 


0106-358 
0320-539 
0549+158 
1819+580 
2000-561 
2111+498 


-7.00 + 0.07 

< -8.4 

< -8.9 
-7.24 + 0.07 
-7.76 + 0.06 

< -8.8 


-6.44 + 0.06 

< -8.7 

< -9.0 
-7.71 + 0.08 
-7.50 + 0.07 
-5.67 + 0.04 


-7.51 + 0.17 

< -8.3 

< -9.0 
-8.44 + 0.11 
-8.54 + 0.10 
-6.38 + 0.07 


-7.69 + 0.17 

< -8.7 
-8.7 + 0.2'' 
-7.64 + 0.25 
-7.84 + 0.14 
-8.00 + 0.08 


-6.87 + 0.19 

< -6.9 

< -7.3 
-5.91 + 0.29 

< -6.0 
-5.36 + 0.09 



IDobbie et"aT] 120051) reported the detection of a week P VAIIISA line in GD 71 and measured log P/H — —8.6 in agreement with our measurement. 



obtained from the LTE analysis of iChaver et al.l l|2000D . 
In fact, the abundance of iron in the photosphere of 
GD 394 exceeds that of G191-B2B and Feige 24. The 
hottest, hence youngest DA white dwarfs in the sample 
also display the highest, almost precisely solar iron abun- 
dance. 

Figure El demonstrates the chemical transformation 
occurring early on (icooi ^ 3 x 10^ years) along the 
DA white dwarf cooling sequence. However, the obvi- 
ous resurgence of iron in the photospheres of some ob- 
jects characterized by temperatures Toff ^ 45, 000 K 
is puzzling. C learly, equilibrium diffusion calculations 
l)Chaver et aljfl995 i do not explain this behavior, and 
contributions from iron reservoirs external to the stars 
may be required. 

6. DISCUSSION AND SUMMARY 

We have presented a study of the iron abundance pat- 
tern in hot DA white dwarfs. We reported the discov- 
ery of Fe III spectral lines in a FUSE spectrum of the 
DA white dwarf GD 683 and a corresponding abundance 
logFe/H = —6.9. The discovery of iron in the photo- 
sphere of this star confirms our suspicion that heavy el- 
ements, and iron in particular, are responsible for lin- 
gering EUV/soft X-ray flux deficit in DA white dwarfs 
with temperatures as low as «30,000K. The detection of 
iron in t he DA white dwarf 1819+580 is particularly in- 
triguing. 'Gree n et al.l 1)20001) uncovered substantial near 
infrared excess from this star which they attributed to a 
dM6 companion, but there is insufficient information to 
establish its proximity to the white dwarf. 

In fact, with the exception of Feige 24 and 1819+580 
we do not find clear evidence of an infrared fiux excess 
in any of the sample stars. We obtained JHK photome- 
try from the 2MASS database available at the Centre de 
Don nees astronomiqu e de St rasburg and V magnitudes 
from iMcCook fc SionI l)1999() . and we computed V — J 
indices for all objects in the sample. The index ranges 
from V - J ^ -0.72 ± 0.10 (GD 683) to -0.96 ± 0.15 
(2000-561) with the exception of 1819+580 {V ~ J = 
-0.11 ± 0.10) and Feige 24 (1/ - J = 1.15 ± 0.10). Syn- 
thetic V — J indices for DA white dwarfs range from —0.7 
to —0.8 for white dwarf effective temperatures between 
30,000K and 50,000K. Allowing for large uncertainties in 
2MASS measurements, it appears that only 1819+580 
and Feige 24 show evidence of a companion in infrared 
measurements. The estimated absolute J magnitudes 



are Mj = 11.43 an d 7.06 corresponding to M8.5 and 
M2.5 spectral types l|KirkDatrick fc McCarthvlll994f) for 
1819+580 and Feige 24, respectively. The spectral type 
of the compa nion of 1819+580 is somewhat later than 
estimated by iGreen et all l)2000D because we adopted 
a higher gravity, hence lower luminosity, for the white 
dwarf itself. From our sample, only Feige 24 has a known 
close companion {P — 4.2 days), but its abundance pat- 
tern is indistinguishable from its sibling and appare ntly 
single white dwarf G191-B2B ijVennes fc Lanzll200lD . In 
all other cases, predicted 3tT upper limits to the compan- 
ion absolute J magnitude rang e from Mj < 10.3 or a 
spect ral type earlier than M6 ((Kirknatrick fc McCarthy! 
119941) to Mt < 13 .3 or a spectral type earlier than L5 
l)Kirkpatricljl200'5|) . These hypothetical stellar and sub- 
stellar companions may be responsible for the presence 
of iron in white dwarfs such as GD 683 and GD 394. 
Moreover, the variable EUV emission from GD 394 may 
imply that iron, silicon and other elements are not uni- 
formly distributed over the surface, which may be the 
result of episodic a ccretion from a putative companion 
l|Dupuis et al.l l200^. 

The iron abundance in DA white dwarfs with temper- 
atures between « 30, 000 and ~ 64, OOOK does not corre- 
late with effective temperatures in a simple manner. The 
sample of DA white dwarfs is part of a EUV/soft X-ray 
selected population and may be biased against ultra-high 
metallicity objects, although the largest iron abundance 
measured is essentially solar. Other non -EUV selected 
white dwarfs were included in a study bv IB ar stow et all 
(2003) such as PC 0948+534, Ton 21, and PC 1342+444 
which, although hotter than stars from the present study, 
may have lower iron abundances. Other EUV- selected 
DA white dwarfs such as IRXS J0619. 1-0828 l|Vennesl 
IT999I) lack FUV data required for an abundance anal- 
ysis. Hopefully future missions may help enlarge this 
sample of hot DA white dwarfs. 

In summary, our measurements reveal abundance vari- 
ations in excess of two orders of magnitude between the 
highest and the lowest temperatures probed, but also 
show considerable variations (over one order of mag- 
nitude) between objects with similar temperatures and 
surface gravities. Such variations in cooler objects may 
be imputed to accretion fror n unseen compan ions or so- 
called circumstellar debris ijKilic et al.l l2005f) although 
the effect of residual mass-loss and selective radiation 
pressure in the hottest objects in the sample may remain 
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dominant. Accretion from a close companion remain a 
likely source of heavy elements in white dwarf photo- 
spheres. A deeper search for infrared excess, revealing 
the presence of a companion or debris near the white 
dwarf, may offer clues as to the source of iron in hot DA 
photospheres. 

Guided by present and previous results we will em- 
bark on a re-analysis of the complete spectral energy 
distribution of all hot DA white dwarfs lifting the of- 
ten convenient but possibly inappropriate assumption of 
a pure hydrogen composition. In particular, the present 
analysis of Fe III spectral lines, and its sensitive iron 
abundance diagnostics, will be extended to the complete 
FUSE spectroscopic data set. 
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APPENDIX 

SOFT X-RAY TO EUV COUNT RATE RATIOS 

Table EH hsts the PSPC to EUVE lOOA count rate ratios for a sample of 104 hot DA white dwarfs detected in 
both surveys (Bowver et al. 1996; Voges ct al. 1999). The stars are listed with the PSPC catalog designation, and 
temperature estim ates are provided in references cited in §2, except for IRXS J082704.9-f 284411 which is taken from 
iHeber et al.l l)1993j) . These temperature estimates are used in the selection process depicted in Figure ^ only. Many 
have been updated since. 
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TABLE A4 
Soft X-ray to EUV count rate ratios 
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